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其中， tI 为穿越待测气体介质后透射激光强度， 0I 为无气体吸收时初始激光强度；
P为气体介质压力；L为激光在气体介质中传播光程；X为体积浓度； ( )f n 为特
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其中，k为与第i个网格相邻的网格数。此时，最小化问题等价于求解如下正则化
线性方程组： 
( )2+ =T T TlA A L L x A b                     （6） 
由于 TA A半正定，因此只要正则化参数l非零，式（6）的解可表示： 
( )-12= +T T Tl lx A A L L A b                     （7） 
分析正则化解 lx 与精确解
exactx 之间的误差d x，通过进一步推导可以得到： 
( )-1exact 2 exact= - = + -T T Tld lé ùê úë ûx x x A A L L A A I x             （8） 
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其中U和V 分别为左右奇异值向量 iu 和 iv 组成的矩阵； Σ为奇异值 is 组成的对
角阵，Σ中前m个奇异值为原系数矩阵 A的奇异值，正则化参数l的引入不能对
原系数矩阵 A的m个奇异值产生明显影响。图2为针对10×10离散化网格和光路数
量为20的光学测试系统，不同正则化参数l作用下增广矩阵[ ];lA L 奇异值分布
结果。 


























图2 不同正则化参数l影响下增广矩阵 [ ];lA L 奇异值变化曲线 
Fig.2. Singular values of the augmented matrix [ ];lA L  with various λ. 
根据图2中l对系数矩阵 A奇异值的影响，l取值应介于0.1至1之间。当正则
化参数l取值大于1时，引入l可以使正则化解 lx 范数减小，但以牺牲残差 -Ax b
为代价，导致过度平滑从而使重建结果失真，重建误差明显增大；当l小于1时，
引入l不会对原系数矩阵 A奇异值产生影响，残差 -Ax b 较小。但l过小将导致





与实际情况不符。本文提出了采用n n´ 正则化参数矩阵 λ的概念，正则化参数矩
阵 λ为对角阵，其定义为： 
[ ]1 2 3=diag , , ,......, nl l l lλ                    （11） 
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3  TDLAS二维重建仿真 
3.1 正则化参数矩阵作用及影响因素分析 
正则化方法的实质是将求解投影方程式（3）转化为实现投影方程与正则化






















图4 光路布置方式与相应的正则化参数矩阵 (a) 扇形光路布置；(b) 正则化参数矩阵元素分
布图像 
Fig.4. Beam configuration and corresponding regularization parameter matrix: (a) Fanned beam 







则化参数矩阵元素值，以增加残差 λLx 在方程中的权重，达到平滑效果。对于1 
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图5 4×4扇形光路布置方式下分别利用单一正则化参数与正则化参数矩阵方法对100个高斯
分布模型重建结果对比 
Fig.5. Comparison of reconstruction errors for 4×4 fanned beam arrangement and 100 Gauss 















   
  
图6 五种光路布置方式空间分布图与对应投影域图 (a) 2×10平行光路布置方式；(b) 4×5扇形
光路布置方式；(c) 基于Mod设计的光路布置方式；(d) 基于单一正则化参数设计的光路布
置方式；(e) 基于正则化参数矩阵设计的光路布置方式 
Fig.6. Five example beam configuration in the physical space and in Radon space: (a) 2×10 
parallel beams arrangement; (b) 4×5 fanned beams arrangement; (c) beams arrangement designed 
based on MOD method; (d) beams arrangement designed based on single regularization parameter; 



































































































































































































图7 二维重建模型与不同光路布置方式重建结果 (a) 重建模型；(b) 2×10平行光路布置方
式；(c) 4×5扇形光路布置方式；(d) 基于Mod设计的光路布置方式；(e) 基于单一正则化参
数设计的光路布置方式；(f) 基于正则化参数矩阵设计的光路布置方式 
Fig.7. Phantom and reconstruction results from different beam arrangement: (a) phantom; (b) 
2×10 parallel beams arrangement; (c) 4×5 fanned beams arrangement; (d) beams arrangement 
designed based on MOD method; (e) beams arrangement designed based on single regularization 
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图8 投影数据噪音对重建误差的影响 




























Fig.9. Model of simulated tomography measurement in a two-phase detonation flow. 
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图10 基于图6不同光路布置方式的气液两相爆轰外流场重建结果对比 
Fig.10. Comparison of reconstruction errors for the external flow field of two-phase detonation 
based on beam arrangements in Fig.6. 
在PDE爆轰波溢出管口后20 ms时间段内，管外流场温度变化剧烈，测量区



































































































图12 燃气炉重建结果 (a) 单炉实验结果；(b) 双炉实验结果 
Fig.12. Reconstruction results of gas burners: (a) single burner; (b) double burners. 
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Abstract 
Beam arrangement with limited projections is a critical part of research on tunable 
diode laser absorption tomography reconstruction for combustion diagnosis. Based on 
the efforts on regularizing this rank-deficient and ill-posed problem with Tikhonov 
regularization, a novel approach that uses regularization parameter matrix is 
developed for design of optical components layout and predict reconstruction 
accuracy. Objective function of beam arrangement is established by the rigorous 
mathematical derivation, and genetic algorithm is adopted to realize the optimization 
of function to overcome the difficulty associated with the multimodal nature of the 
problem. Nonuniform distribution properties of matrix elements in physical space are 
related to location and alignment of the laser/detector pairs, and forms a basis for the 
adjustment of weight between measurement and regularization to improve the 
reconstruction performance. A mathematical model of double Gauss distributions is 
established on a 10×10 element discrete tomography domain, and typically 20 
measurement beams scanning the H2O transition at 7185.6 cm-1 are available to probe 
the domain of interest. The systematic comparison between optimized beam array 
here and four existing beam arrangements in the literature is analyzed to validate the 
method. The reconstruction with Tikhonov regularization parameter matrix shows 
obvious advantages of reducing errors especially under the condition of fewer 
projections. The validation of reconstruction performance of the optimized beam array 
is also examined by simulated laser absorption measurement which is carried out on 
phantoms generated using a simulation of external flow field of an air-gasoline pulsed 
detonation engine. Result shows the optimized beam array consistently outperforms 
other arrangements reported in complicated fluid field. A demonstration 
reconstruction experiment is performed on the distribution from small gas burners. 
Both locations and amplitudes are in good agreement between targets and 
reconstructed images. This proposed design methodology would be valuable in 
broadening the applications of tunable diode laser absorption tomography 
reconstruction for engine diagnosis and combustion efficiency improvement. 
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